Abstract. 2014 The behaviour of blue phase III (BPIII) of chiral liquid crystals under the influence of an electric field has been studied for a mixture consisting of the chiral compound S811 and the nematic mixture EN18 exhibiting negative dielectric anisotropy 03B5a 0. As in one mixture with 03B5a 0 studied previously, a dramatic increase of the intensity of reflection is observed in the fog phase. This intensity increase, which has not been observed for systems with 03B5a &#x3E; 0, increases much more rapidly than the shift of the Bragg wavelengths which is observed in BPI and BPII due to electrostriction. [3] , shows only a broad, weak selective reflection [4] [5] [6] and its structure is still unknown [1] . Different models have been proposed in order to describe BPIII. According to the emulsion model [7] , BPIII is considered as an emulsion of cholesteric droplets in an isotropic matrix, the double twist model [8, 9] [1] . For systems with negative dielectric anisotropy BPH3D is the only observed field-induced phase [18, 19] . Additionally, for BPI and BPII a continuous shift of the Bragg wavelengths with increasing electric field strength occurs [20] . This behaviour causes interesting electrooptical effects and indicates a continuous deformation of the lattice (electrostriction) [21] [22] [23] . The signs of the electrostriction coefficients depend on the sign of the dielectric anisotropy Ba of the material.
The behaviour of BPIII in an electric field has been investigated for several systems with positive dielectric anisotropy, namely mixtures of CEI, CE2 and K18 [6, 24] , mixtures of CE 1, CE2 and M 18 [6] and mixtures of CB15 with E9 or RO-TN 404 [25] . In all these systems, the broad BPIII reflection band exhibits only a small change of the intensity and wavelength, whereas for very high field strength (several V/um), a field-induced transition from BPIII to a blue phase modification showing sharp reflection bands occurs [24, 25] . However, for a system with negative dielectric anisotropy, a completely different behaviour has recently been observed : in a mixture consisting of CE2, CE3 and CCN55 a large increase of the intensity and a sharpening of the peak in BPIII was detected [26] .
In this article, the results of investigations on another system exhibiting high chirality and negative dielectric anisotropy are presented. The From the data presented here, it can be concluded that the increase of the intensity of the reflection in BPIII is not only characteristic for the mixture of CE2, CE3 and CCN55 investigated earlier [26] , but for systems with negative dielectric anisotropy in general. Moreover, the time dependence indicate that the mechanism for this effect is fundamentally different from the electrostriction observed in BPI and BPII. The very slow shift of the Bragg wavelengths connected with the electrostriction of BPI and BPII is possibly due to the motion of defects, whereas the response of BPIII to the electric field might involve a reorientation of small domains or of double twist cylinders.
Expérimental setup.
The system under investigation is a mixture of 30.0 % by weight of the chiral compound S-(-)-4- Results.
In the absence of an electric field, the investigated mixture shows the usual phase sequence Ch-BPI-BPII-BPIII-isotropic with increasing temperature. In mixtures exhibiting a concentration of less than 28 % of the chiral component S811, only the blue phase modifications BPI and BPII were observed in agreement with earlier investigations [21] . Figure 1 shows the phase diagram for the 30 (Fig. 2) (Fig. 3) . At the same time, the halfwidth of the BPIII reflection band decreases continuously from about 60 nm at 0 V to about 30 nm at 55 V (Fig. 4) . The dashed line at 56 V in figure 4 indicates the transition from BPIII to BPE with sharp reflection bands which might be identical either to the deformed BPII structure or to the three dimensional hexagonal phase BPH3D. The wavelength of selective reflection in BPIII changes slightly with increasing field strength and shows a very small change at the phase transition (Fig. 4) . The behaviour of BPIII in the system presented here is very similar to that of the mixture consisting of CE2, CE3 and CCN55 which has been investigated earlier [26] .
In order to investigate the dynamic behaviour of the intensity increase in BPIII, an AC voltage of 50 V was applied to the 12 ktm sample and switched on and off with a frequency of 2 Hz. The intensity of the reflected light measured at the wavelength of maximum intensity shows a fast response to the field (Fig. 5) : from the time dependence of the intensity represented in figure 5 time constants of the order of several milliseconds can be estimated. Since the wavelength shift of the selective reflection is very small, the same curves were obtained for À = 461 nm (wavelength of maximum reflection intensity at E = 0) and for il = 455 nm (wavelength of maximum intensity at E = 50 V / 12 J.Lm).
In order to compare the dynamics of the electrooptical effect in BPIII to that of the electrostriction in BPI and BPII, the change of intensity at fixed wavelength due to the spectral shift of the Bragg peak was measured. The results (Fig. 6) indicate that the electrostriction of BPI and BPII is much slower than the electrooptical effect observed in BPIII. Figure 6 shows the spectrum of the (110) (01) is that an increase of the reflection intensity would indicate an orientation of the (110) planes perpendicular to the field direction since for the (200) and (111) [28] which follow from the symmetry of the dielectric tensor. However, it follows from very general symmetry considerations [29] that only the orientation with either a threefold or a fourfold axis parallel to the field can be stable. -Thus, the selection rules dictate against the structure 05 but since these rules have been found to [21, 29] . This expectation is also in contradiction to the experimental results for BPIII.
The behaviour of the intensity of the BPIII reflection peak depends markedly on the sign of the dielectric anisotropy. Whereas mixtures with Sa :&#x3E; 0 show little change [25] or even a small decrease [24] in the Bragg intensity with increasing field, systems with ea 0 show a dramatic increase. This behaviour appears qualitatively compatible with the double twist model of BPIII. In this model the q-vectors ( 1 q 1 = 2 'TT /pitch) characterizing the twist in a double-twist cylinder are everywhere radial. Application of a field to such a cylinder made of Ba :&#x3E; 0 material causes the cylinder axis to align parallel to the field and the vector q to be perpendicular to the scattering vector for backscattered light. Consequently, the BPIII scattering peak should decrease as is observed [24] . For Sa C 0, however, the cylinders align perpendicular to the field, thereby bringing the vector q into coincidence with the scattering vector and increasing the reflectivity. Furthermore, the decrease in the BPIII linewidth with increasing field means the dimension of the double twist cylinder along the direction of the scattering vector has increased, thereby increasing the reflected intensity further. Finally, we speculate that there may be an additional stacking of the cylinders which leads to pretransitional formation of BPE regions within the BPIII region. Thus the wavelengths of the BPIII and BPE are essentially the same (Fig. 4) but since the transition is first order, there are small discontinuities in the intensity (not shown) and the linewidth (Fig. 4) .
The arguments given for the double twist model are also valid for the emulsion model. Reorientation of cholesteric droplets would also cause an increase of the reflected intensity for systems with negative dielectric anisotropy since the director tends to align perpendicular to the field direction, thereby orienting the cholesteric helix axis in the field direction. For systems with positive dielectric anisotropy, an orientation of the helix axis perpendicular to the field direction would be expected and thus a slight decrease of the intensity should occur. This effect is also in agreement with previous experimental data [24] .
Concerning the quasicrystal model, no theory predicting the behaviour in an electric field has been published so far. Thus we are not able to discuss our results with respect to this model in detail. However, the dramatic increase of the intensity seems to argue against this model. Icosahedral domains, like cubic domains, do not exhibit dielectric anisotropy. In order to see any field effect, dielectric anisotropy has to be induced by the electric field which means that the lowest order term describing the dependence of the free energy on the electric field strength is proportional to E4. Moreover, the icosahedron exhibits many equivalent reciprocal lattice vectors, so that it is hard to believe that just a reorientation can cause an increase of the reflection intensity by one order of magnitude. It is much more reasonable that BPIII consists of small anisotropic domains (such as double twist tubes or cholesteric droplets) which are reoriented by the field as described above. In the latter case, the lowest order term in the free energy is proportional to E2 which agrees with the experimental observation that relatively small field strengths can cause an increase of the intensity. The assumption that the increase of intensity is due to a reorientation of double twist tubes or cholesteric droplets can be proved by investigating the reflection perpendicular to the field direction which has not been done yet. For systems with positive dielectric anisotropy, a slight increase of the reflection intensity perpendicular to the field direction would be expected.
Finally we review the implication of the rapid response of the BPIII peak (~ ms) as compared to the much slower response of the BPI/BPII peaks (~ s). In the former case, the spatial periodicity of the structure is only changed slightly (which is indicated by the almost constant Bragg wavelength) whereas in the latter case the response is due to a change of interplanar spacings in the lattice. Since the structure of BPI and BPII is described by a regular lattice of disclination tubes, this change involve the motion of disclination tubes which might be connected to some flow of material. On the other hand, a reorientation of double twist cylinders or cholesteric droplets dispersed in an isotropic matrix can be considered to be much faster.
Another example indicating that an electrooptical effect which does not require the change of the spatial periodicity of the blue phase structure can be much faster than the electrostriction has been found earlier : it has been shown [30] that in BPI and BPII not only a change of the lattice constants but also a change of the refractive index occurs when an electric field is applied. The time constants for this effect have been found to be several orders of magnitude lower than the time constants for the shift of the Bragg wavelengths [30] . This behaviour indicates also that a change of the average molecular orientation, i.e. a change of amplitudes of the modes of the tensor order parameter in blue phases can be much faster than a change of the spatial periodicity of the structure. It might be interesting to note that the time constants for this variation of the refractive index are of the same order of magnitude as those for the intensity change observed here for BPIII.
Recent investigations on the dynamics of the field-induced phase transitions [31] J have shown that the response of blue phase systems to an electric field due to these field-induced transitions is also quite fast compared to the dynamic behaviour of the electrostriction observed here.
Conclusions.
The experimental results on BPIII presented in this article show a large increase of the intensity and sharpening of the selective reflection band under the influence of an alternating electric field. By comparison with earlier experimental results on other mixtures [24] [25] [26] it can be concluded that this behaviour is due to the negative sign of the dielectric anisotropy. The experimental data of this work and earlier papers [24] [25] [26] can be qualitatively explained by the double twist model or by the emulsion model for BPIII. As in other materials with positive and negative dielectric anisotropy, a field-induced phase transition from BPIII to the high-field blue phase BPE was observed, which shows a sharp reflection band at almost the same wavelength as the weaker peak of BPIII. This fieldinduced phase might be identical either to the deformed BPII phase (P 4222) or to the three dimensional hexagonal phase BPH3D (P 6222). The determination of the space group of this phase would be helpful to understand the mechanism of this field-induced phase transition.
Investigations on the dynamics of the electrooptic effects in blue phases show that the increase of the reflection intensity in BPIII is much faster than the electrostriction in BPI and BPII. This indicates that the time dependence of the electrostriction is determined by one or more slow processes (for example the motion of disclinations or flow of material) which do not occur in BPIII under the influence of the electric field. This behaviour also fits in the BPIII model of randomly oriented, independent double twist cylinders or cholesteric droplets which are reoriented in the electric field. A more detailed study on the dynamics of the electrooptical effects observed in BPI, BPII and BPIII is in progress [32] .
